 . In the mass range above m break , the slope of the overall region is 0.76 a = -. The slope of the core region is 1.09 a =
The radial surface density profile of NGC 188 is obtained using the star count. By fitting the King model, the structural parameters of NGC 188 are derived: a core radius of R 3.80 c = ¢ , a tidal radius of R 44.78 t = ¢ , and a concentration parameter of C R R log( ) 1.07
Fitting the mass function (MF) to a power-law function m m ( ) f µ a , the slopes of the MFs for different spatial regions are derived. We find that NGC 188 presents a slope break in the MF. The break mass is m M 0.885 break =  . In the mass range above m break , the slope of the overall region is 0.76 a = -. The slope of the core region is 1.09 a =
, and the slopes of the external regions are 0.86 a = -and 2.15 a = -, respectively. In the mass range below m break , these slopes are 0.12 a = , 4.91 a = , 1.33 a = , and 1.09 a = -, respectively. The mass segregation in NGC 188 is reflected in the obvious variation of the slopes in different spatial regions of this cluster.
INTRODUCTION
Open clusters are important tools to investigate the Galaxy evolution and stellar evolution. Due to their accurate parameters (e.g., age, metallicity, and distance), open clusters can probe the Galactic disk and trace the Galaxy evolution. For example, Chen et al. (2003) compiled the most complete open cluster sample with the available metallicity, age, and distance data, as well as kinematic information, and presented a statistical analysis on the spatial and metallicity distributions. Their result supports the inside-out Galactic disk formation mechanism, in which the invoked star formation rate and infall timescale vary with radius. Bonatto et al. (2006) used a sample consisting of 654 open clusters to determine the thin-disk scale height, displacement of the Sun above the Galactic plane, scale length, and the open cluster age-distribution function. The dynamical state of open clusters is complexly determined by the primordial gas expulsion, stellar evolution, dynamics, and the effect of Galactic tidal field (Kroupa 2001a; Wu et al. 2007 ): (1) the primordial expulsion of gas unbinds most of cluster, but a significant fraction of it can condense through two-body interactions to become an open cluster; (2) stellar evolution at the early phase causes large mass loss that will result in the disruption of open clusters; (3) internal dynamical evolution will result in mass segregation and evaporation of a low-mass star; and (4) the Galactic tidal force will strip the stars from the open cluster. Therefore, a detailed study of the dynamical state of open clusters can examine the stellar evolution theory and Galactic dynamics as well as map the Galactic tidal field. Accurate and precise fundamental parameters, structural parameters, and mass function (MF) are the cornerstone for these investigations.
The photometric system of the Beijing-Arizona- Taiwan (Fan et al. 1996; Wu et al. 2005 Wu et al. , 2006 Wu et al. , 2007 . In this paper we will study an old open cluster NGC 188 based on the BATC photometric data. We will derive the fundamental parameters and structural parameters, and discuss the Sandage (1962) , many works about NGC 188 have been performed. Information from various works about the fundamental parameters of this cluster are listed in Table 1 of Fornal et al. (2007) and Table 1 
.15, and the distance is from 1275 to 2047 pc. We consider that, one hand, these scatters result from the reddening-metallicity degeneracy. On the other hand, it reflects that different stellar evolutionary models and different photometric data will derive different results. In addition, quite a few works adopted solar metallicity for NGC 188 and derived the other parameters based on this metallicity. Based on the BATC photometric data, we will try to find a method to avoid the reddening-metallicity degeneracy. The color-color diagram based on the photometric data in the four BATC bands performs well for this purpose for NGC 188. derived the structural parameters and MF and studied the dynamical evolution of NGC 188 in detail. In addition, until now only and had studied the MF break of NGC 188; because of shallow photometry, and did not observe the MF break of NGC 188. So, in this paper, we will study the dynamical evolution of NGC 188 based on our deeper photometry.
We describe our new observational data and photometric reduction of NGC 188 in Section 2. In Section 3 we derive the fundamental parameters of NGC 188. The structure of NGC 188 is discussed in Section 4. The MF and the mass segregation are discussed in Section 5. A summary is presented in Section 6.
OBSERVATION AND PHOTOMETRIC DATA
Our observations are based on the BATC photometric system. The BATC photometric system utilizes the 60/90 cm f/3 Schmidt telescope, which is at the Xinglong Station of the National Astronomical Observatories, China Academy of Sciences (NAOC). Figure 1 shows the image of NGC 188 in the BATC i band. The details of the BATC system are described in Yan et al. (2000) and Zhou et al. (2001) . In Table 2 , we list the corresponding effective wavelength and FWHM of each filter, and exposure time and the number of frames observed in each filter for our observation.
Data reductions are carried out using two procedures called PIPELINE I and PIPELINE II. These procedures are developed as standard for the BATC photometric system. Bias subtraction and flat fielding are carried out using PIPELINE I. Instrumental magnitudes of point sources are determined using PIPELINE II. After that, the instrumental magnitudes are calibrated to the BATC standard system (Zhou et al. 2003) . For each filter, the average calibration error is below 0.02 mag. For every image, the mean of the FWHM of the point-spread function (PSF) is 4. 39  , which critically samples ( 2.5 pixels » ) the PSF. So, the effect of undersampling on our photometric accuracy is not critical. For each star observed more than once in a BATC This work 11.21 ± 0.08 1714 ± 64 7.5 ± 0.5 0.036 ± 0.010 0.12(adopted) BATC multicolor photometry, isochrone fits Figure 1 . Image in the field of NGC 188 observed in the BATC i band. The image size is 58 58 ¢´¢. band, the final photometric result in that band is the weighted mean.
FUNDAMENTAL PARAMETERS FOR NGC 188
We adopt the proper-motion membership probabilities in Table 3 of Platais et al. (2003) for NGC 188. Matching this table and our star catalog, we pick up the common stars, which are plotted in Figure 2 . In this paper, stars with proper-motion membership probabilities greater than 60% are used to derive the fundamental parameters. We used the photometric data in the seven BATC bands to construct four color-magnitude diagrams (CMDs). These combinations are c p (
We fit the theoretical BATC isochrones (see Section 3.2) to our observational data of NGC 188 to derive the fundamental parameters.
Isochrones of Stellar Evolutionary Models
Stellar evolutionary models from the Padova group Girardi et al. 2000 Girardi et al. , 2002 , and references therein) are widely used. In the Padova stellar evolutionary models, Girardi et al. (2002) provided tables of theoretical isochrones in photometric systems such as ABmag, STmag, VEGAmag, and a standard star system. The complete database (Girardi et al. 2002) covers a very large range of stellar masses (typically from 0.6 to M 120  ). These models (Girardi et al. 2002 
Isochrone Fitting
To determine the main characteristics of the population in NGC 188, we fit isochrones to the cluster CMD. We used the Padova theoretical isochrones in the BATC system (Marigo et al. 2008) . Via an interactive web interface (see Section 3.1), we can construct a grid of isochrones for different values of age and metallicity, photometric system, and dust properties. We use the default models that involve scaled solar abundance ratios (i.e., [ Fe] 0.0 a = ), and the Chabrier lognormal initial mass function (IMF; Chabrier 2001) is adopted.
Reddening
To determine the reddening value of an open cluster, a method based on the color-color diagram fitting is usually used. However, in this method, the degeneracy between reddening and metallicity requires that the metallicity is previously known. For instance, adopting a metallicity of We derive the reddening of NGC 188. . We adopted these two values of metallicity to derive the reddening of NGC 188 on the
and f i ( ) -color-color diagram. In addition, recent results showed that the age of NGC 188 is between 6.0 and 8.0 Gyr (see Section 3.3 for details). In this paper, the reddening E B V ( ) -is transformed to each BATC band using the extinction coefficient derived by Chen (2000) based on the procedure given in Appendix B of Schlegel et al. (1998) . In the left and right panels, the BATC isochrones are for 6.0 and 8.0 Gyr, respectively. In Figure 3 , the two vertical dashed lines represent the main-sequence band between d g ( ) 0.65 -= and 1.05, which is the region where the data and isochrones should fit best. From Figure 3 , we can see that the best fit of the BATC isochrone to the data points was obtained for E B V ( ) 0.036 -= . Figure 4 shows the result as in Figure 3 , but for [Fe H] 0.12 = +
. From Figure 4 , we can also see that the best fit of the BATC isochrone to the data points was obtained for E B V ( ) 0.036 -= . As a result, we arrived at a reddening value of E B V ( ) 0.036 0.010 -=  for NGC 188, where the quoted uncertainty only includes an estimate of the error in the reddening determination. Since the value of reddening has been fixed, we go ahead and determine the other parameters of NGC 188 in the CMDs. Because of the age-metallicity degeneracy, we cannot simultaneously determine age and metallicity using the fitting method. We adopt a value of metallicity of [Fe H] 0.12 = in Friel et al. (2010) , which was obtained from spectral analysis of red giants in NGC 188. Now, fitting the theoretical isochrone to our color-magnitude data points becomes straightforward. First, we chose the age for which the fitted isochrone had the same color turn-off as our data points. Then, by shifting the isochrone up and down (changing the distance modulus), we finally obtained the best fit.
Based on the age obtained by the previous works (see Table  1 of this paper and Table 1 of Fornal et al. 2007 for details), we used the interactive web in Section 3.1 to construct a fine grid of isochrones about ages, sampling an age range t 6.0 8.0 ⩽ ⩽ Gyr at intervals of 0.1 Gyr. The metallicity
, where Z 0.0152 »  , so this metallicity corresponds to Z = 0.0200. Using this fine grid of isochrones, we obtained the fundamental parameters of NGC 188. A set of the best fitting parameters for our data is adopted as follows: an age of t 7.5 0.5 =  Gyr and a distance modulus of m M ( ) 11.17 0.08 0 -=  . The error of the age of NGC 188 is estimated by eye in the CMDs. Figure 5 shows a set of CMDs in the BATC system for NGC 188. From Figure 5 , we can give an estimate of the error of the age of ±0.5 Gyr. The error of the distance modulus is also estimated by eye in the CMDs. Figure 6 shows a set of CMDs in the BATC system for NGC 188. From Figure 6 , we can give an estimate of the error of the distance modulus of ±0.08.
Comparing with Previous Works
We compare our best fitting parameters for NGC 188 with those of previous studies in the past two decade. For reddening E B V ( ) -, many works (see Table 1 of Fornal et al. 2007 ) obtained values of reddening larger than 0.08. Our best fitting result of 0.036 ± 0.010 is in good agreement with those in Carraro et al. (1994) , who obtained values of reddening of 0.03 and 0.04. Our result is also consistent with that of Fornal et al. (2007) , who obtained a value of reddening of 0.025 ± 0.005. For age, our best fit of 7.5 ± 0.5 Gyr is consistent with those of Carraro et al. (1994) , Sarajedini et al. (1999) , and Fornal et al. (2007) , who obtained the ages of NGC 188 of 7.5 and 7.0 Gyr, 7.0 ± 0.5 Gyr, and 7.5 ± 0.7 Gyr, respectively. For distance modulus m M ( ) 0 -, our best fit of 11.17 ± 0.08 (or 1714 64 pc  ) is consistent with those of Carraro et al. (1994) , Sarajedini et al. (1999), and Fornal et al. (2007) , who obtained the distances of NGC 188 of 1705 and 1720 pc, 1710 70 pc  , and 1700 100 pc  , respectively.
STRUCTURAL PARAMETERS OF NGC 188
The structure of a cluster is described using the radial surface density profile, which is defined as the projected number of stars per area in the direction of the cluster. In this paper we adopt the empirical formula derived by King (1962) to fit the radial surface density profile of NGC 188.
In order to enlarge the number of member stars of NGC 188, we used the SED fitting method developed by Wu et al. (2006) to search for more member stars. For the jth star, a parameter S can be defined: s are the observed magnitude and its error, respectively, of the jth star in the ith band, and n is the total number of observed bands for the jth star. For M i with different stellar masses, the minimum of S j , S j,min , can be obtained for the jth star with the chosen theoretical model. If the observed SEDs can match the theoretical SEDs, the parameter S min should be the 2 c distribution with n P -degrees of freedom, where P is the number of free parameters to be solved. The integral probability at least as large as S j,min in the 2 c distribution with n P -degrees of freedom is taken as the "photometric" membership probability of the jth star (Wu et al. 2006) . We determine 2131 stars to be photometric members with P phot greater than 50%. The d g -versus d CMD of these stars is shown in Figure 7 .
We used these 2131 member stars to determine the radial surface density profile of NGC 188. We adopted a central position for NGC 188 of 00 47 53 0 h m s a = and 0 d = 85 15 30 +  ¢  (J2000.0) following . The radial surface density profile is determined by counting stars inside concentric annuli with a step of 1.0 ¢ in a radius of r 0 20 ¢ < ¢ ⩽ and counting stars inside concentric annuli with a step of 2.0 ¢ in a radius of r 20 3 0 ¢ < ¢ ⩽ . The radial surface density profile of NGC 188 is shown in Figure 8 . The fit was performed using a nonlinear least-square fit routine that uses the 1σ Poisson errors as weights. The fitted structural parameters obtained here are as follows: a core radius of 
vs. m CMDs of NGC 188 for stars with a membership probability larger than 60%. The blue, red, and green lines are BATC isochrones (t = 7.5 Gyr, Z = 0.0200, and E B V ( ) 0.036 -= ) with three different distance moduli m M ( ) 0 -= 11.09, 11.17, and 11.25. Error bars represent the photometric errors. We compare our structural parameters for NGC 188 with those of previous studies. For the core radius R c , our best fitting result of 3.80 ¢ is somewhat larger than that of , who obtained the value of the core radius to be 3.1 0.2 ¢  ¢ . However, our result is somewhat smaller than that of Chumak et al. (2010) , who obtained the value of the core radius to be 4.45 ¢ . The tidal radius of R 44.78 t = ¢ obtained here is somewhat larger than that in Keenan et al. (1973) , who obtained the tidal radius of NGC 188 to be 27.0 5.0 ¢  ¢ . Our result is consistent with that in , who obtained the tidal radius of NGC 188 to be 44 9  ¢. Our result is smaller than that in Chumak et al. (2010) , who derived the tidal radius of NGC 188 to be 71.6 ¢ .
THE MF OF NGC 188
Since a large field of view of NGC 188 is observed here, we have an opportunity to study the MF and the mass segregation for NGC 188. The member stars of NGC 188 obtained here using the SED fitting method are used. In addition, we take the stars below the main-sequence turn-off to derive the MF. We used stars with P phot greater than 60% to avoid field-star contamination. In order to study the mass segregation of NGC 188, we must know the MFs in different regions. We select the core region ( R 0 3.80
, and the whole region
). A completeness estimation is necessary to obtain the MF of NGC 188. We used artificial-star tests on our data to determine completeness corrections as in Wu et al. (2007) . The completeness correction for the whole region and for three different regions of NGC 188 are listed in Table 3 for the BATC e band. In the MFs we included only the values for which the completeness corrections are 0.5 or higher for all regions in NGC 188. Therefore, a limiting magnitude of e = 20.0 is adopted. After correcting for completeness, the MFs for different regions of NGC 188 were obtained, which are shown in Figure 9 .
In Figure 9 , the MF break is obvious. The break mass is determined to be near m M 0.885 break =  . The MF break of clusters essentially reflects the internal dynamics of clusters on the MF and/or some fundamental properties of the IMF associated with different conditions of star formation . The power-law function m m ( ) f µ a is used to fit the MF. The fit has been performed using a nonlinear leastsquare fit routine, which uses the 1σ Poisson errors as weights. The best fitting power-law functions are shown in Figure 9 with solid lines, and the slopes are listed in Table 4 . In the fitting of the core region, we did not use the point, which only includes one member star. The slope of the MF is flat in the core region and become steeper as the distance increases, which reflects the mass segregation of NGC 188. The overall MF slope 0.76 Kroupa 2001b Kroupa , 2002 
SUMMARY
In this paper, we present photometry of NGC 188 in 15 intermediate-band filters of the BATC system. By fitting the theoretical isochrones to the observational data points, we determined three fundamental parameters for NGC 188: a reddening of E B V ( ) 0.036 0.010 -=  , an age of t 7.5 0.5 =  Gyr, and a distance modulus of m M ( ) 0 -= 11.17 0.08  . Based on the SED fitting method developed by Wu et al. (2006) , we obtained a sample of NGC 188 member stars consisting of 2131 stars with P phot greater than 50%. We determined the radial surface density profile of NGC 188 using this sample. By fitting the empirical density law of King (1962) to our radial surface density profile, the structural parameters of NGC 188 are derived: a core radius of R 3.80 c = ¢ , a tidal radius of R 44.78 t = ¢ , and a concentration parameter of C 1.07 0 = . We studied the details of the MF of NGC 188 based on the photometry, which is obtained with a large field of view and deep observation. The MF is fitted with a power-law function, and the slopes of MFs in different regions are derived. The MF slopes flatten from the outskirts to the inner regions, which indicates mass segregation in NGC 188. The MF break in NGC 188 is observed, and the break mass is m M 0.885 break =  . We also derived the number of stars and the relaxation time. The mass segregation and the large ratio of the cluster age to the relaxation time indicate that NGC 188 has undergone strong dynamical evolution. Figure 9 . Mass functions in different spatial regions of NGC 188. Error bars represent the 1σ Poisson errors. Solid lines are the best fitting power-law functions. The spatial range and the slope of the power-law function are given in each panel. We used stars with P phot greater than 60% to avoid field contamination. 
